Incorporation of radioactive adenine into DNA has recently been used as a measure of total microbial production in marine environments, sometimes with unexpected results. We have examined two of the assumptions on which the method is based, particularly regarding the distribution of adenine uptake and nucleic acid content in mixed natural microbial assemblages. Size fractionation, autoradiography, and metabolic inhibition data indicate that the requirement that bacteria, algae, and protozoa have a uniform uptake and metabolism of added dissolved adenine dots not appear to hold. In systems where the biomass and productivity were greatly dominated by large phytoplankton, bacteria took up almost all of the adenine added at nanomolar concentrations. A separate experiment with marine ciliates also showed adenine uptake by eucaryotes to be negligible compared to that by bacteria, The method requires a measurement of microbial adenosine triphosphate (ATP) specific activity. In our experiments this quantity would be dominated by ATP in the eucaryotes that took up negligible adenine. In this situation, mostly eucaryotic biomass and not production would influence the "total microbial production" measurement. Second, the C: DNA ratio of 50 used in reports to date is too high for natural bacteria, which have a ratio closer to 5. We conclude that the method is likely to have produced large overestimates of production and that variations (e.g. with depth) may not reflect growth rates, but rather a complicated combination of activities and ratios of eucaryotic : procaryotic biomasses.
Within the past year or two, some unexpected and potentially important productivity measurements have been reported for various marine environments, including the water column (both suspended and on sinking particles) and sediments. These reports share the same adenine incorporation methodology aimed at measuring the combined production of all bacteria, algae, and protozoa in the habitats studied. Specifically, Winn and Karl (19 84a) reported that total ' This work was supported in part by NSF grants OCE 84-10074 and OCE 84-067 12 to J.F. and OCE 84-006524 to H.D., and by the NSF-sponsored MEC-CAS program. microbial production at the 150-900-m depth of the waters off Hawaii is double that of the O-l 50-m depth range (euphotic zone). Burns et al. (1984) estimated total microbial production in coral reef rubble of Kaneohe Bay, Hawaii, and found rates higher than previous estimates of whole reef production. Karl and Knauer (1984) and Karl et al. (1984) reported an increase in total microbial production within rapidly sinking material at the 700-900-m depth and concluded that it is due to chemolithotrophic production. We believe that some of the key assumptions of the adenine method have not been tested adequately on natural samples under field conditions. Here we ex-627 amine some of these assumptions with experiments on surface samples from estuarine and coastal waters during spring when phytoplankton dominated the plankton.
There has been considerable interest in recent years regarding the roles of microorganisms in marine ecosystems (see Pomeroy 1974; Williams 198 1; Ducklow 1983) and much effort has been concentrated on measuring growth and productivity.
In particular, development of the frequency-ofdividing-cells (FDC) method (Hagstrom et al. 1979 ) and the thymidine-incorporation method Azam 1980, 1982) allowed a demonstration that heterotrophic bacterioplankton can consume lo-50% of the total primary production in coastal surface waters. Along similar lines, Karl (1979) introduced a method for measuring growth of microorganisms (not just bacteria) based on incorporation of tritiated adenine into RNA. Fuhrman and Azam (1980) and Moriarty (1986) pointed out that measuring DNA synthesis was more appropriate than RNA synthesis for estimating growth. Karl (198 1) modified the adenine method to add measurement of DNA as well as RNA synthesis. Recent publications have used only the DNA synthesis estimate to calculate production in units of carbon for water column and benthic environments (Karl and Knauer 1984; Karl et al. 1984; Winn and Karl 1984a; Burns et al. 1984; Craven and Karl 1984) .
As distinct from the FDC and thymidineincorporation methods, which target the nonphotosynthetic bacteria (Azam and Fuhrman 1984) , the adenine method is designed to measure the production of all microorganisms, including heterotrophic bacteria and protozoa as well as autotrophic algae and chemolithotrophic bacteria (Burns et al. 1984; Karl et al. 1984; Karl and Winn 1984) . All these organisms must be implicated because an integral part of the method is measurement of the specific activity of the extracted ATP pool, and ATP occurs in all organisms (Holm-Hansen and Booth 1966) . Thus, the only organisms that do not contribute to the measurement are those that are rare or excluded by prescreening the sample. Many workers are now interested in interactions between groups of microorganisms, and because this method lumps them all together, it doesn't allow resolution of these processes.
The conceptual basis for calculating production from adenine incorporation is described in detail by Karl et al. (198 la) and Winn and Karl (1984a) and will not be repeated here. Exogenous tritiated adenine is assumed to be taken up and then converted to dATP before incorporation into DNA by all microorganisms. The rate of DNA synthesis is calculated and converted to carbon production via the C : DNA ratio. The equation (broken into three parts) is
where P is the production in units of carbon (mass/volume/time), S is the DNA synthesis rate (mass/volume/time), A is the C : DNA ratio (mass/mass), 1 is the rate of 3H incorporation into DNA (radioactivity/ volume/time), and R is the ATP pool specific activity (radioactivity/mass).
All the terms are multiplicative, as would be any errors.
A central assumption of the method is that all the organisms involved in any portion of the measurement must have a uniform response. As stated by Karl et al.
( 19 8 1 a, p. 2) under conditions for ecological application, (a) All (or most) microorganisms assimilate adenine by a common and predictable pathway. (b) A uniform metabolic response is required if the technique is to be used for estimating community growth.
This assumption is required because the mixed microbial community is treated mathematically as if it is one composite organism with one intracellular specific activity and one C : DNA ratio.
The reason for the importance of this assumption is clear if one considers that calculation of production (Eq. 1) is highly sensitive to variations in specific activity between organisms in the same sample; in this situation, it is not legitimate to use the average specific activity, which is what is measured. As an illustrative example, if some organisms do not take up adenine, they contribute only to the ATP concentration term (through their ATP biomass), but not to the [3H]ATP or incorporation terms. Thus, their biomass but not production factors into the calculation of "total microbial production."
In the method, the total ATP of all the microorganisms is extracted together, so it is not possible to isolate the ATP from only those organisms assimilating adenine.
Past literature on dissolved organic compounds other than adenine indicates that most or all of the uptake in natural seawater is by bacteria and not by algae or protozoa (e.g. Munro and Brock 1968; Williams 1970; Kirchman and Hodson 1984; Kirchman et al. 1985; Li and Dickie 1985) . It is not clear why adenine should be expected to be any different in this regard. Low or nonexistent uptake by eucaryotes would lead to overestimates of S in the model described above.
Because the extent of adenine uptake by eucaryotes in field samples has not been well studied and because this process is of central importance to the adenine method, we examined by size fractionation, microautoradiography, and metabolic inhibition whether eucaryotic organisms in natural samples (primarily phytoplankton, but also protozoa) were capable of significant adenine uptake compared to bacteria. Our results suggest they are not. We also point out that even if in selected environments eucaryotes managed to compete equally with bacteria for adenine, the C : DNA ratio of 50 used in reports to date is too high to apply to the bacteria, and variations in this ratio could make interpretation of adenine data difficult if not impossible.
We thank R. (Azam and Hodson 1977) . Samples were incubated in sterile Whirlpak bags or plastic centrifuge tubes. Labeled adenine (33 Ci mmol-l, Research Products Int.) and thymidine (70 Ci mmol-l, New England Nuclear) were added at 1-5 nM concentrations (equimolar within experiments); bicarbonate (0.1 PCi hg-I, New England Nuclear) was added at 1.2 PM. Incubations lasted 0.5-l .5 h (2.5-3 h for 14C) and were ended by filtration of lo-30 ml (50 ml for 14C) subsamples. Filters for 3H uptake were rinsed five times with filtered seawater and placed in scintillation vials. The 14C filters were treated with 30 ~1 of glacial acetic acid to eliminate inorganic 14C. Radioactivity was counted by liquid scintillation and corrected for quench by the external standard method. All samples were analyzed in duplicate and compared to 1% Formalin-killed (for 3H) or zero-time (for 14C) controls.
In parallel to the uptake measurements, chlorophyll and bacterial direct counts were also size-fractionated.
Duplicate 20-50-ml samples were filtered through various poresize 25-mm-diam Nuclepore filters. The filters were extracted with 90% acetone at -20°C for 24 h and fluorometrically analyzed for chlorophyll a (Parsons et al. 1984) .
The filtrates were preserved with 5% boratebuffered Formalin and bacteria counted by acridine orange epifluorescence direct counts on 0.2-pm pore-size Nuclepore filters (Hobbie et al. 1977 ) on an Olympus BH-2 or Nikon Optiphot microscope outfitted with HBO-100 mercury vapor lamps. All analyses were done in duplicate. Data from size fractionations are presented as the percentage caught on a given filter of that on the 0.2-pm pore-size filter. The "percentages caught" of bacterial counts, which were from filtrates, were calculated as [ 1 -(filtrate/unfiltered)] x 100. Production by heterotrophic bacteria was calculated from thymidine incorporation into cold TCA-insoluble material with a conversion factor of 2 x 10 1 8 cells produced per mole thymidine incorporated (Fuhrman and Azam 1982; Kirchman et al. 1982; Bell and Kuparinen 1984) . Cell biomass was not measured in the individual samples of this study, but previous measurements in Long Island Sound and Chesapeake Bay from epifluorescence photomicrographs indicate an average bacterial carbon content of about 10 fg, similar to that for southern California (Fuhrman 198 1) .
Autoradiography was the MARG-E procedure described by Tabor and Neihof (1982) , with thymidineand adenine-labeled samples (1 nM additions) from Long Island Sound (14 March). Exposure time was 3 days. Controls for background counts were killed with 1% Formalin. We counted the individual silver grains associated with phytoplankton and bacteria, including only those grains within 1 pm of a recognizable cell. Grains within 1 pm of both bacterial and algal cells were counted as algal (discussed below).
Adenine uptake by freshly collected ciliates was measured by picking out oligotrich ciliates (mostly tintinnids, average length about 50 pm) from a 20-pm net tow (10 April 198 5 at Crane Neck). Sixty ciliates were suspended in 10 ml of 0.22~pm filtered seawater. A control sample had 10 ml of unfiltered seawater.
[3H]adenine (6 nM) was added to both samples, and they were incubated under simulated in situ conditions for 1 h. Midway through the incubation, the sample was examined microscopically to verify that the ciliates were active and swimming. Duplicate 5 -ml subsamples were serially filtered through 3-pm and 0.2-pm pore-size Nuclepore filters, which were then rinsed five times with filtered seawater and radioassayed by liquid scintillation.
Inhibition of adenine, thymidine, and [ 14C]bicarbonate uptake by cycloheximide was measured from Long Island Sound samples on 2 1 May. Of six 1 OO-ml samples, three were pretreated for 1 h at simulated in situ light and temperature by addition of 0.5 ml of a 10 mg ml-' aqueous solution of cycloheximide (Sigma: final concn, 50 mg liter-'). The three controls had 0.5 ml of distilled water added. To one treated and one control sample each was added 5 nM [2-3H]adenine, or 3.5 nM [methyl-3H]thymidine, o r 1.4 PM [14C]bicarbonate. Incubation was under simulated in situ conditions and lo-ml subsamples were filtered four times over a 1.5-h time-course through 25-mm-diam Millipore filters of 0.45-pm nominal pore-size. Filters were rinsed three times with about 1 ml of filtered seawater, and radioactivity was measured by liquid scintillation.
Results
The size fractionation and autoradiography experiments were done under spring bloom conditions, when phytoplankton greatly dominated both biomass and production. These conditions were ideal for studies of size fractionation because almost all the phytoplankton were >8 pm and overlapped minimally in size with bacteria. Under these conditions, with active large phytoplankton as the dominant biomass component, one would expect to see uptake of adenine in larger size fractions if the assumptions of the adenine method were fulfilled. Biomass estimates from chlorophyll (C : Chl ratio of 40: Burns et al. 1984 ) and bacterial cell counts indicate the extent of phytoplankton domination in terms of total cell carbon (Table 1) . Productivity showed a comparable domination, with bacterial heterotrophic production on 14 March (peak of bloom) of 0.5 pg C liter-' h-l compared to 79 pg C liter-l h-l primary production (bacterial/total = 0.6%); on 12 April the rates were 0.4 pg C liter-' h-l bacterial and 12 pg C liter-' h-l primary production (bacterial/ total = 3.3%). ples, the bacterial production was 5.7 pg C true in the Choptank River. In any case, the liter-l h-l and primary production was 44 fraction of total uptake in the large size frachg C liter-' h-' (bacterial/total = 13%). tions was still very small. Still, even in these phytoplankton-dominated systems, the adenine uptake was dominated by the smallest organisms, as was thymidine uptake. The size distributions for both processes were very similar to the distribution of bacterial abundance and contrasted sharply with the distribution of chlorophyll and primary production (Fig. 1) . In the March and April Long Island Sound samples, there was evidence that some large size fractions took up proportionately more adenine than thymidine; the opposite was The observation that the adenine and thymidine uptake size fractionation generally followed that of bacterial cells, almost all of which were < 1 pm, suggests that most if not all of the uptake in the large sizes was due to attached bacteria, not to large organisms. The 14 February sample had a relatively large percentage of adenine and thymidine uptake and bacterial counts in the large size fractions. This is consistent with the observation that considerable detritus was visible in this sample, perhaps from decaying macroalgae or seagrass suspended during a recent storm. The size fractionation data do not rule out the possibility that the phytoplankton took up some portion of the adenine, albeit a small one. We used autoradiography, which is only semiquantitative, to look for label directly associated with phytoplankton. In general, the phytoplankton were not heavily labeled with either thymidine or adenine. It appeared that most if not all of the silver grains near the phytoplankton were probably associated with bacteria that were on or under the large phytoplankton cells, as was found for glutamate by Brock and Brock (1966) and thymidine by Bern (1985) . However, we counted these grains as associated with the phytoplankton anyway, to be certain that we were not missing any algal uptake. Therefore, the phytoplankton grain counts are probably large overestimates, and these indicate that <2.5% of the uptake was by phytoplankton (Table 2 ). There was no evidence of any significant amount of adenine uptake by the ciliates. Ciliates were concentrated about 14 times above natural abundance levels, yet the radioactivity in ciliates collected on the 3-pm filter was only 59 dpm above background; the unfiltered seawater uptake was 2 1,324 dpm >0.2 pm and 366 dpm >3 pm. The enhanced ciliate biomass was calculated to be 9.6 hg C liter-', compared with 34 pg C liter-l bacterial biomass in the control.
Cycloheximide, a eucaryote-specific inhibitor (Ennis and Lubin 1964) , substantially inhibited the assimilation of [14C]bicarbonate, but not of thymidine or adenine; the assimilation rates of treated samples as percent of control samples were 9 1% for adenine, 88% for thymidine, and 38% for bicarbonate; in other words, < 10% of the adenine uptake was affected. The inhibition of bicarbonate assimilation suggests that most of the carbon fixation was by eucaryotes, in accordance with the observation that at this time of year, few if any cyanobacteria were present (L. Campbell pers. comm.). The much smaller effect on thymidine and adenine assimilation is further evidence that these substrates were utilized almost exclusively by bacteria.
Discussion
Adenine assimilation -Our data show convincingly that different groups of microorganisms in field samples have highly nonuniform responses with respect to adenine assimilation. The size fractionation and autoradiography results show that bacteria outcompeted phytoplankton for adenine uptake even though phytoplankton dominated both in terms of total biomass and total production. This was true for all sizefractionation samples; about 80-95% of the adenine uptake was < 8 pm (along with bacterial abundance and thymidine uptake), while 65-l 00% of the chlorophyll and bicarbonate uptake was >8 pm. More than 97% of the silver grains in the adenine autoradiography were associated with bacteria. The experiments with ciliates showed that there was no indication of adenine uptake by these organisms even when their biomass was about a third that of the bacteria. Finally, the cycloheximide inhibition experiment confirmed that adenine utilization was predominantly procaryotic. A simple calculation from the productivity, size fractionation, and autoradiography data shows that there was not a uniform adenine metabolism by bacteria and eucaryotes, as required by the adenine meth-od. Given the disparity in uptake rates, biomass, and productivities, the adenine taken up by bacteria would have had to contribute << 1% to their dATP pools, while that taken up by phytoplankton, if there was any, would simultaneously have had to contribute > 95% for there to be similar dATP specific activities. This would in itself show a highly nonuniform response.
Karl et al. (198 1 b) reported one size-fractionation measurement in marine waters at a coastal station. Our recalculation of their results indicates that the < 12-pm size fraction incorporated radioactivity (PCi liter-l h-l) 49% and 54% as fast as unfractionated water, with preincubation and postincubation size fractionation, respectively. The specific activities of the two replicate unfractionated samples, however, varied by more than a factor of two, so the low precision of this measurement of nucleic acid synthesis makes comparison of these rates difficult. Also, because their "total" uptake was collected on Reeve-Angel glass-fiber filters, which allow about 50% of the bacteria to pass through (Fuhrman and Azam 1980) , the percentage in the small size fraction is an underestimate. These filters, or the similar Whatman type GF/F, have been used in all previous adenine studies-possibly missing considerable bacterial uptake, These results do not necessarily demonstrate adenine utilization by eucaryotes because there is no indication of the abundance of attached bacteria in this sample. A large number of attached bacteria, as Karl et al. (198 1 b) reported for their freshwater sampling site and as we observed to a lesser extent in some samples (Fig. 1A; cf. Ducklow 1982) , could explain the observation. It is important in this sort of experiment to back up the rate measurements with size fractionation of bacterial counts (free and attached) and chlorophyll.
We are not claiming that algae cannot take up adenine. Some species of phytoplankton may be able to do so (Winn and Karl 1984b) , although to our knowledge this has not yet been shown in axenic cultures, except for one strain of cyanobacteria (Cuhel and Waterbury 1984) . However, adenine uptake in a culture may not predict the behavior of diverse mixed assemblages in nature. The important question is not whether phytoplankton can take up adenine in culture, but rather whether phytoplankton and protozoa can compete effectively with natural bacteria for adenine uptake and incorporation under field conditions. In our experiments eucaryotes took up virtually no adenine even when their biomass and productivity overwhelmed those of bacteria. The concentrations of adenine that we added (l-6 nM) are comparable to those used in previous field studies (4-7 nM: e.g. Karl 1982; Winn and Karl 1984a; Karl and Knauer 1984; Burns et al. 1984) .
The bacterial domination of adenine uptake would have important consequences for the interpretation of adenine incorporation data. As we pointed out above, the method requires a uniform response by all the microorganisms.
Lack of adenine uptake by some or all eucaryotes would mean that eucaryotic ATP pools can be virtually unlabeled, so that the incorporation data can have little to do with their nucleic acid synthesis. However, the specific activity term would still be strongly influenced by eucaryotic ATP, which usually dominates (Williams 198 1; Holligan et al. 1984) . Under these conditions, the biomass, but not growth, of the eucaryotes influences the result. This can make the method inappropriate for measuring production rates in surface waters and other habitats where eucaryotic biomass dominates, such as sinking detritus (Silver et al. 1984) .
It is an interesting consequence of Eq. 1 that if the nucleic acid synthesis rates in eucaryotes and bacteria are exactly proportional to the total ATP contents of these groups (Or [Seucaryo*es/Sbacteria 1 = [ATP, , , , , , , , , , /ATP, , ., , , , 1) then the total nucleic acid synthesis rate calculated by the adenine method can be correct by offsetting errors if all the uptake is bacterial. This observation means that in natural samples where this condition may be approximately met, the adenine method could provide total nucleic acid synthesis rates that are of the right order of magnitude, appearing reasonable. However, the accuracy would depend completely on an exact proportionality between eucaryotic ATP-normalized nucleic acid synthesis and that of bacteria. There is no reason to expect this condition to be satisfied in nature.
DNA content-variability in the DNA content of different organisms will also affect the calculation of production by adenine incorporation.
From Eq. 1, accurate knowledge of the C : DNA ratio is as important as any other variable for calculating production from adenine incorporation. Karl and Knauer (1984) , Karl et al. (1984) , Winn and Karl (1984a) , Burns et al. (1984) , and Craven and Karl (1984) use a C : DNA ratio of 50, derived from a literature report by Holm-Hansen (1969) . But in that report, this ratio refers specifically to algae. We suggest here that this number may be an order of magnitude too high when applied to marine bacteria, which can dominate adenine uptake.
Literature reports show that a C : DNA ratio of 50 is not appropriate for all marine microorganisms, particularly bacteria. For algal cultures alone, the ratio ranges from 40 to 200 (Holm-Hansen et al. 1968) . The DNA content of natural bacteria appears to be much higher. Fuhrman and Azam ( 19 82) measured the DNA in the 0.2-0.6~pm (bacterial) size fraction of seawater and concluded that most natural bacteria have C : DNA ratios near 5. Paul and Carlson (1984) measured DNA and particulate C in size fractions of natural waters and found C : DNA ratios as low as 2.3 (avg 4) in the bacterial size fraction (0.2-l gm). They concluded that most of the particulate DNA in the marine environment is associated with bacterioplankton and not phytoplankton. They also considered and rejected the possibility that a significant portion of the DNA in the bacterial size fraction was detrital, in agreement with the conclusion of Dortch et al. (1983) . Fuhrman and Azam (1982) have argued that the small size of natural marine bacteria must result in a relatively high DNA content; they calculated that at a C : DNA ratio of 33, many small bacteria would have enough DNA for only about 50 genes, far too few for an independently living organism. Even though marine bacteria are small, they still need the genetic information to cope with a complex environment. The measurements of Fuhrman and Azam (1982) and Paul and Carlson (1984) indicate a genome size for marine bacteria approximately equal to that of previously studied eubacteria, as may be expected. Most bacteria cultured in nutrient broth have typically five times the diameter or 125 times the volume of natural marine bacteria, so that with the same genome size, they have a much larger C : DNA ratio, inapplicable for field studies.
Therefore, even if one could find an environment where adenine uptake and assimilation are uniform among microorganisms, the very large range of C : DNA ratios (N 4-200) among microorganisms makes it difficult to choose an appropriate ratio for calculating production from adenine incorporation data. In any event, a ratio of 50 seems too high to apply to natural marine bacteria. Thus, the current adenine-based production estimates are probably severalfold high, particularly when bacterial production is important. The extent of overestimation could vary significantly, depending on the relative abundance and activity of different microorganisms.
Given that the algal domination of most waters of the euphotic zone brings the adenine results from that habitat into question, one might ask how well the method works in other environments. For example, Karl and Knauer (1984) reported on production inside sediment traps. But Silver et al. (1984) reported that in the same sediment traps, microscopic examination showed that ciliated protozoa could sometimes account for 90% of the biomass. The lack of demonstrable adenine incorporation by ciliates thus calls into question the microbial production results for these sediment traps. Also, Winn and Karl (1984a) worked both within and below the photic zone and asserted that below the photic zone nucleic acid metabolism is predominantly due to heterotrophic bacteria. However protozoa and other eucaryotes, such as sinking viable phytoplankton (Smayda 197 1; Platt et al. 1983) , may be important there and need to be considered in studies of this type. As a final note, we suggest that automatic interpretation of adenine incorporation in terms of growth may be premature for organisms such as chemolithotrophs (Karl et al. 1984 
